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 Abstract 
The annual production of apples in Poland reaches 3 million tonnes of which only one-third are the dessert apples and the 
remaining quantity is aimed at processing. This unfavourable structure of production leads to losses on the part of growers, 
resulting from lower purchase prices. Changes aimed at increasing the production of delicatessen apples have become necessary, 
the more so as according to forecasters the demand for apples in the next few years is to increase by about 30%. The quality of 
apples can be improved through determination of parameters that help reduce losses resulting from bruises, abrasions and other 
mechanical damages while growing and harvesting. Most preferred is the manual picking assisted by modern technology 
associated with the movement of the picker with the use of movable platforms and mobile lifting baskets. Due to many hours’ 
long physical strain as well as the monotypic character of movements performed by the picker, apple harvesting may contribute 
to the development of ailments in the musculoskeletal system. The main aim of this paper it was to develop a methodology that 
shall help define favorable conditions of work for pickers and growers of apples with a minimum of risk associated with the 
emergence of problems in the musculoskeletal system while maintaining a high quality of fruit for immediate consumption. The 
tekscan system was used to determine surface pressure values at different loads and the shape of the contact surface 
corresponding to the shape of fingertips. The work of picker's muscles was analysed with the use of the electromyograph, a 
device that allows to measure the load on workers while picking apples. The conducted study enabled to develop favourable 
working conditions for growers of apples with a minimum risk associated with the emergence of problems in the musculoskeletal 
system of harvesters and at the same time with a high quality of apples for direct consumption. 
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1. Introduction 
Changes aimed at increasing the production of delicatessen apples have become necessary, the more so as 
according to forecasters the demand for apples in the next few years is to increase by about 30%.  It must be noted, 
however, that delicatessen apples are more demanding in terms of the production process, which involves higher 
costs. Good care about the product translates to higher internal demand as well as export, which increases production 
profitability [1].  Apples destined for immediate consumption ripen over a relatively long period of time; they are 
frequently less resistant to bruising and they require special care in the processes of harvesting, transportation and 
storage.  Research shows that mistakes made during the production process cause mechanical damages affecting the 
quality and reducing the storage properties [2,3].  
Delicate structure of the fruit limits the use of mechanical harvesting of apples for immediate consumption.  
A good alternative is to use traditional manual harvesting combined with modern transport techniques of both the 
employee during the harvest and the harvested fruit. 
Mechanized picking of apples in uneconomical and results in severe mechanical damage to the fruit.  Harvesters 
for apples are very complicated, expensive and inefficient [4,5]. Mechanical harvesting by shaking off fruit makes 
sense only for apples for processing. Apples for direct consumption can be effectively harvested only manually.  
Most preferred is the manual picking assisted by modern technology associated with the movement of the picker 
with the use of movable platforms and mobile lifting baskets. Equally important is the transport of harvested apples 
preferably with conveyor belts to avoid carrying heavy baskets. The position of the pickers also depends on the 
picking technique.  Different hand muscles are working while picking apples by turning, breaking and tearing [6]. 
Due to many hours’ long physical strain as well as the monotypic character of movements performed by the 
picker, apple harvesting may contribute to the development of ailments in the musculoskeletal system. It is most 
often manifested by pain in upper limbs, lower limbs and the spine [7,8]. Many researchers in previous studies have 
focused primarily on identifying the correct ergonomic hand position during operation, aiming to minimize the 
external load on the limb during various works [9,10].  One of these studies was carried out in the orchards where 
the whole harvesting process was divided into separate activities that were analyzed: climbing a ladder or lifting the 
picker in a boom with a special container for fruit, apple picking and transport of apples into crates or pallets. Often 
these works are carried out in a forced, uncomfortable body position.  A high burden on the human motoric system is 
observed when the picker is holding a container of fruit (basket, bucket) in one hand and picking fruit with the other 
hand.  The issue has been the subject of many studies conducted by the New York Center for Agricultural Medicine 
and Health. 
Even preliminary studies have shown negative effects of work performed by pickers of fruit in orchards on the 
condition and the functioning of their musculoskeletal system [11,12,13].  Attention was drawn to the time of 
exposure of limbs to the external loads. Systematic studies found that fruit pickers carry a full or partially filled 
container of fruit for approximately 3/4 of working time in the orchard.  Also highlighted was the long-time 
exposure of the picker’s arms to negative load as they outstretch hands above the line of shoulders for approximately 
40% - 50% of the total working time [14]. 
Further studies have shown that in addition to the wrists, extreme loads are applied on the forearms and often the 
neck and the lumbar part of the spine [15,16,17]. It is directly related to the angles at which the wrists and hands are 
positioned while performing the subsequent moves. Women are particularly vulnerable to the problems of the 
musculoskeletal system [18,19]. The studies conducted so far have shown that a number of women working 
continuously for 8 hours suffer from pain in the hands, wrists and neck [20,21]. 
The aim of the research was to measure the strain on musculoskeletal system of apple pickers. It was also to 
determine surface pressures required to pick and transport apples in the harvesting process for all fingers of a picker 
and different varieties of apples. The research aims to develop a methodology that shall help define favorable 
conditions of work for pickers and growers of apples with a minimum of risk associated with the emergence of 




MVC   maximal voluntary contraction  
1714   Małgorzata Młotek et al. /  Procedia Manufacturing  3 ( 2015 )  1712 – 1719 
2. Methodology and methods  
2.1. Determining surface pressure using Tekscan system and Instron testing device 
The aim of the research was to measure the strain on musculoskeletal system of apple pickers. It was also  
to determine tests were performed in the Laboratory of Agrophysics in the Institute of Agricultural Engineering  
at Wroclaw University of Environmental and Life Sciences. The applied testing machine was the INSTRON 5566 
unit equipped with a strain gauge head of a measuring range up to 1 kN that allows to measure the applied force 
with the accuracy of 1 N and the shift with the accuracy of 0.05 mm. The machine was controlled by a computer 
with Bluehill software which enabled automated data collection, continuous recording and analysis of the research 
results and recording of the reports. The head speed until it reached the pre-set value of the initial load was  
1.8 mm∙min-1. The compression method was used in the test. The aim of the test was to determine stress 
characteristics on the basis of which the value of stress causing material damage was determined. 
The Tekscan system, which was applied in the test, allows for continuous observation of changes within the 
contact surface of tested fruit exposed to the working element of the testing machine Instron 5566. The Tekscan 
system consists of a sensor film, a handle, a splitter, and calculation software that records the results of tests carried 
out at the sampling frequency of approx. 1000Hz.  It also enables the subsequent analysis of the data collected.  
The sensor of number 5076, which was used in the test, consisted of parallel electrodes separated by a layer  
of polyester film. 
Sensors located at the intersection of electrodes determine the value of the applied force and the contact area  
of fruits with the working element of the testing machine. The process of manual harvesting of apples can be divided 
into several stages, the most important of which, from the point of view of load distribution applied on the apple are: 
 
x the moment of picking, i.e. detaching the fruit from the branch; 
x transfer of the picked apple to the basket. 
 
The Tekscan system determines values of forces and surface pressures occurring between the picked apple and 
the hand of the picker.  
2.2. Electromyography 
For the purpose of measuring strain, the EMG (Electromyograph) device was also used so that the percentage  
of Maximal Voluntary Contraction of muscle (% MVC) generated by the muscles of the forearm, spine and neck 
was measured.  The Surface Electromyography, next to the analysis of time-space parameters, kinematic parameters, 
was used to determine the correct posture of farmers during work, thereby minimizing the strain. The measured  
% MVC is directly proportional to the force generated by the muscle and the strain of performed work [22,23].  
The obtained results were referred against the accepted standards of optimal muscle load.  The conducted tests 
determined the influence of frequently repeated, characteristic hand movements that generate forces at finger tips  
at the extent not causing damage to apple tissue (i.e. within the range of acceptable pressure limits) on the 
development of lesions in the musculoskeletal system of apple pickers.  The maximum permissible frequency of the 
fingers clamping on the picked apple was determined, which is causing no significant lesions in the development 
of disorders in the hand and wrist for different ways of gripping apples, different values of the force applied on the 
apple and various frequencies and duration of the effort. 
2.3. Research sample 
The study involved a group of 5 men who had several years of experience in harvesting apples. Each 
measurement was repeated 5 times.  Four varieties of apples (Lobo, Idared, Spartan, Golden) were used in the test.  
They were selected based on similar shape, dimensions and weight.  First measurements were to determine the limit 
loads for the compression test.  The destructive force value Fmax was determined which was the basis for the analysis 
of power remained by fingers at the time of apple-picking simulation. 
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2.4.  Statistical calculations 
Standard deviations and variation coefficients were determined for the results of the measured forces for each 
finger separately for particular harvesting operations.  
3. Results 
3.1. Determination of surface pressures using Tekscan system and Instron testing machine 
The value and the distribution of forces and surface pressures depend on the picking technique. The following 
techniques are commonly used: 
 
x rotation of apples against the twig - forces applied in the radial and circumferential direction against  
the vertical axis of apples,  
x pulling - forces applied in the radial direction and parallel to the vertical axis of apples  
 
The initial analysis of distribution of surface pressures in manual picking of apples allowed to make  
the following assumptions: 
 
x only fingertips are involved in picking apples, 
x the little finger practically transfers no load and only facilitates the positioning of an apple in the hand, 
x the thumb balances the load carried by the remaining fingers while picking apples by the pulling technique, 
x the load is carried evenly by all fingers engaged in picking by the rotation technique. 
 
Tables 1 and 2 show values of forces and surface pressures for fingertips engaged in picking by the rotation 
technique which were measured using the Tekscan system.  In line with the assumption the forces generated in the 
course of picking are relatively evenly transferred to all the fingers, their values depend on the variety of apple.  
 
Table 1.  Values of forces generated by fingertips engaged in apple picking by rotation technique. Source: Own research. 
Finger Stage of harvesting 
Force (N) 
Variety of apple 
Golden Idared Jonagold Lobo Spartan 
Thumb 
Picking 13.8 19.35 16.25 17.37 16.2 
Transport 12.04 16.24 14.32 15.8 15.47 
Maximum 17.38 23.14 19.2 19.95 18.29 
Index 
Picking 14.84 19.37 15.98 16.48 12.2 
Transport 9.13 17.7 13.95 14.8 9.47 
Maximum 15.76 21.5 17.91 17.39 13.29 
Middle 
Picking 11.31 15.23 14.23 14.78 7.4 
Transport 10.43 13.35 13.56 10.96 6.16 
Maximum 12.95 15.76 15.29 15.6 10.27 
Ring  
Picking 5.53 5.73 5.53 5.89 3.53 
Transport 3.4 3.11 4.12 2.56 1.65 
Maximum 6.82 7.48 6.22 5.71 7.71 
 
The ring finger, after the little finger, holds the smallest share in the load transfer, and generates a force, 
depending on the variety of apple, at the level of approx. 20% to 30% of the force generated by the thumb.  
The largest share in the load transfer, in addition to the thumb, holds the index finger, which generates the load  
at the level of the force generated by the thumb. 
Figure 1 shows an example of surface pressure contours of fingertips engaged in picking Golden variety  
by rotation technique.  In this method, the hand is applied to the lower surface of the apple, and the force generated 
by the arm is directed radially and tangentially to the apple surface. The highest values of surface pressure are 
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generated by the thumb, index and middle finger and the role of the ring finger and little finger is to stabilize the 
grip. The surface pressure distribution resulting from the impact of the index, middle and ring fingers is typical of 
the elastic nature of the deformation. The contact is a point located in the central zone of contact of the fingertip and 
the apple surface.  It looks a bit different in the case of a thumb. There are two points of contact visible with the 
maximum surface pressure values between which is the zone with significantly lower values. Such a distribution  
of surface pressures may indicate that in the area between the maximum values there appears a small contact zone of 
a permanent deformation. Maximum values of surface pressure fall within the range from 0.032MPa for the 
interaction of the ring finger up to 0.087MPa for the thumb. 
 
Table 2. Values of surface pressures for fingertips engaged in apple picking by rotation technique. Source: Own research . 
Finger Stage of harvesting 
Pressure  (MPa) 
Variety of apple 
Golden Idared Jonagold Lobo Spartan 
Thumb 
Picking 0.087 0.105 0.101 0.065 0.087 
Transport 0.077 0.051 0.049 0.046 0.039 
Maximum 0.097 0.197 0.185 0.101 0.117 
Index 
Picking 0.074 0.101 0.098 0.04 0.082 
Transport 0.109 0.086 0.079 0.03 0.033 
Maximum 0.093 0.183 0.175 0.088 0.181 
Middle 
Picking 0.091 0.117 0.092 0.028 0.098 
Transport 0.084 0.085 0.074 0.026 0.087 
Maximum 0.105 0.23 0.098 0.045 0.199 
Ring  
Picking 0.032 0.069 0.053 0.055 0.81 
Transport 0.028 0.037 0.028 0.025 0.53 
Maximum 0.034 0.102 0.098 0.092 0.079 
 
The studies of strength properties of apples show that the acceptable values of surface pressure, in the context  
of the danger of causing permanent mechanical damage, range from 0.1 to 0.2 MPa depending on the apple variety. 
 
 
Fig. 1. Surface pressure contours for index, middle and ring fingers and a thumb while picking apples by pulling. 
 
Fig. 2. Surface pressure contours for index, middle and ring fingers and a thumb during transport of apples to basket after picking. 
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The surface pressures generated by fingertips during the transport of apples to the basket after picking are 
significantly reduced. The magnitude of this reduction is directly proportional to the value of the initial surface 
ressures. The distributions of surface pressures also change (Figure 2). A point form of the point of contact is visible 
for all fingers. Such an image of the surface pressure contours may be a sign of an elastic deformation at the time  
of picking apples and the occurrence of small permanent deformations may not affect the quality of fruit. 
3.2. Electromyography 
In order to calculate the load that was generated in harvesting of apples by individual fingers, the minimum, 
maximum, and average % MVC was determined, which is the level of muscle contraction which served as the base 
for determining appropriate forces. The measurement results for the five varieties of apples are shown in Table 3.  
The total apple harvesting process has been divided into three stages during which the load was analyzed for each 
finger separately.  An average power generated by the fingers’ muscles while picking apples was higher than during 
transport. 
 
Table 3. Values of forces for fingertips engaged in the process of picking by rotation. Source: Own research. 
Finger Stage of harvesting 
Force (N) 
Variety of apples 
Golden Idared Jonagold Lobo Spartan 
Thumb 
Picking 16.05 16.32 16.14 15.57 18.32 
Transport 18.73 13.58 14.28 12.29 14.15 
Maximum 20.32 18.04 19.16 18.04 20.31 
Index 
Picking 14.26 13.99 14.33 13.82 16.69 
Transport 12.64 11.26 12.47 10.65 11.80 
Maximum 18.03 16.14 17.65 15.85 18.09 
Middle 
Picking 13.57 12.75 13.10 12.34 15.40 
Transport 10.73 10.36 12.35 9.18 11.82 
Maximum 16.60 13.58 15.47 14.29 16.06 
Ring  
Picking 10.87 10.63 11.34 9.76 9.22 
Transport 5.36 9.78 9.35 7.55 7.90 
Maximum 12.88 11.77 12.47 11.95 13.77 
 
According to the research the lowest average force generated by fingers was measured when picking the Lobo 
variety. The highest in turn for the Spartan variety. It turned out during the test that the forces depended significantly 
on the weight and shape of an apple.  The lowest average values of the forces generated during the harvest of apples 
were recorded for the ring finger and the highest in turn for the thumb, then index and middle fingers. The minimum 
 
 
Fig. 3. Distribution of forces generated by the muscles of picker’s fingers from the moment of detaching the fruit from a twig until placing in a 
basket.  Source: Own research. 
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value of the detaching force was 9.22 N for the ring finger (Spartan variety), and the maximum - 18.32 N for the 
thumb (Spartan variety). 
Force distribution for test fingers of the picker was also presented in the example of the Golden variety. Note that 
the peak values of forces generated by individual fingers are recorded at different points in time. The lowest average 
force was generated by the ring finger - 7 N, and the highest by the thumb - 16,2 N (Fig. 3). The average duration of 
one apple harvest amounted to approximately 5 seconds. The values for the little finger were skipped as it had no 
influence on the apple during harvest.  
A picker is able to pick approximately 10 apples per minute.  For such a frequency per minute the total allowable 
strain on the hand during a single pick should not exceed 13.5 N. Based on the presented data, it should be noted 
that this value could result in a feeling of discomfort and pain in the musculoskeletal system of apple pickers. 
4. Statistical calculations 
Based on the distribution of forces obtained during the measurements the standard deviations and variation 
coefficients were determined for each finger. The highest standard deviation was observed for the index finger 
during transport for all varieties of apples - 2.43. The lowest - 0.72 was recorded for the distribution of maximal 
forces of the ring finger. 
The highest variation of forces was observed for loads applied by the ring finger in transporting the apples - 0.21.  
The lowest value of the analyzed relative measure was observed for the maximal values of forces of the ring finger. 
5. Discussion 
Hand-picking of apples is the primary means of obtaining apples for immediate consumption. It is justified by 
both the economic considerations and the quality requirements for the harvested fruit. Previous studies of 
ergonomics in the context of manual fruit harvesting mainly considered the problems related to disorders in the 
back, neck and shoulders of orchard workers [12]. According to Earle, Richardson orchard workers spend three 
quarters of their time carrying completely filled or partly filled bags, which significantly affects the work comfort. 
The main objective of the research carried out by Miles and Steinke [21] was the answer of researchers to the needs 
reported by people working in the orchards. This concerned both: the furnishing of modern tools and equipment for 
cultivating and harvesting, but also the development of appropriate standards and guidelines for people who work 
there to improve the work processes and minimize the negative effects of that work on the health of farmers. Manual 
harvesting is still considered very desirable in the harvesting of fruits and vegetables. Given the effort related to, for 
example, carrying baskets full of apples, an innovative method for carrying the basket on the human body was 
applied by means of a special belt, on which the basket is suspended.  
The pressure on the apple in picking and transporting depends on its variety, or rather on the strength properties 
of the flesh. One of such parameters is the surface pressure which helps define the limit values for mechanical 
interaction apple-apple and apple-worker's hand, taking into account the shape of the apple and the arrangement of 
fingers on the apple in picking, the shape of the surface directly exerted on apples, the values of the loading force 
and the basic mechanical properties of the tissue.  
6. Conclusions 
Hand-picking of apples poses a risk on both the quality of harvested fruits and disorders of the musculoskeletal 
system of workers during the harvest. The conducted tests helped determine the effect of frequently repeated muscle 
contractions, which  generated forces at the fingertips to the extent not causing fruit tissue damage (i.e. within the set 
allowable pressure limits), on the development of changes in the musculoskeletal system.  The maximal allowable 
frequency of clamping fingers on picked apples, without causing any significant changes in the development of 
irregularities of the hand and wrist, was determined for different ways of apple gripping, different values of the force 
exerted on apples and the various frequencies and durations of the work. 
The paper presents values of surface pressures necessary to pick the apples by rotation and transport them to the 
basket for the five most popular varieties. Additionally the maximum surface pressures that can be generated by an 
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employee during the harvest were presented.  It turned out that inattentive workers may easily exceed the allowable 
pressure limits and mechanically damage the fruit. Also the surface pressure contours were recorded for all fingers 
engaged in the process of picking. The values of muscle contractions and thereby generated forces exerted on apples 
in the harvesting process from the moment of picking until placing the fruit in a basket were presented for each 
finger including fruit varietal differences. 
The conducted research will allow for the development of favorable working conditions for growers of apples 
with a minimum risk associated with the risk of overloading the musculoskeletal system while maintaining high 
quality apples grown for immediate consumption. 
The improvement of quality can be facilitated through determining the parameters associated with the values and 
distribution of surface pressures,  allowing for the reduction of waste occurring at the time of cultivating and 
harvesting the apples and resulting from bruises, abrasions and other mechanical damage. 
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